A sedimentation chamber and Andersen sampler were used to isolate a range of actinomycetes on selective and non-selective media. The Occurrence of different actinomycete groups in natural substrates was compared and strains were screened for the ability to degrade ball-milled straw or to grow on lignin-related phenolic compounds. Evidence for ligninolytic activity in representatives of several genera was obtained by assaying IJCO2 evolution from [ 'Tlligninlabelled wheat lignocellulose. Most of the straw-degrading isolates were assigned to the genera Thvrmumumspora and Mic.rontorwspora, but only representatives of the latter were found to be active against [lJC]lignin. Of the non-straw-degrading strains also examined, some which could utilize phenolic substrates produced ' T O 2 from the [lignin-~4C]lignocellulose, and two of these were selected for further study. These strains, Thermomunospara mesophila and a Strvptoniycvs sp., attacked [ 'JC]lignin yielding ' T O 2 and water-soluble lJC-labelled compounds during primary growth. This activity was not accounted for by the utilization of phenolic acids linked to the carbohydrate fraction of wheat lignocellulose and was unaffected by cultural parameters known to influence lignin degradation by white-rot fungi,
INTRODUCTION
Actinomycetes are widely distributed in natural substrates such as soils and compost, where they have an important role in the recycling of organic material (Lacey, 1973) . They are prokaryotes which usually exhibit a hyphal growth form and thus are well-equipped to penetrate and degrade the lignocellulose of plant cell walls. However, lignocellulose degradation in natural substrates is largely attributed to fungi and, in this respect, the importance of actinomycetes may have been underestimated. Cellulolytic activity has been described in a range of actinomycete genera (Stutzenberger, 1972; Sandrak, 1977; Crawford, 1978) , Thermonwnosporu, which can degrade cellulose, hemicellulose and pectin (McCarthy & Cross, 1984) , being particularly noteworthy. Claims that actinomycetes are also involved in the degradation of lignin (Waksman & Cordon, 1939) have only recently been confirmed (Crawford, 1978;  Haider et al., 1978).
The complex structure of lignin has necessitated the application of assays in which the substrate is lignocellulose specifically lJC-labelled in the lignin component. This approach has been used by Crawford and co-workers to demonstrate ligninolytic activity in Streptomyes strains (Crawford, 1978; Phelan et al., 1979) and similarly by Trojanowski and co-workers working with strains of Nocardia (Haider et al., 1978) and Rhodococcus (Trojanowski er al., i977). Since there have been no reports of lignin degradation by other actinomycetes, one objective of the investigation reported here was to extend the range of taxa studied. Isolation methds which give the best recovery of actinomycetes are often biased towards streptomycetes, whose rapid proliferation together with bacterial growth can preclude the isolation of strains belonging to other actinomycete groups. In the work described in this paper, an alternative strategy, in which propagules were suspended in air prior to colony formation on various selective media, was used to obtain a range of actinomycete isolates and provide some information on their occurrence and distribution.
The physiology of lignin biodegradation has been extensively studied in relation to the attack of wood and synthetic lignins by the white-rot fungus Phwmchaete chrysosporium. This is now a relatively well-defined system in which lignin degradation to C02 is a secondary metabolic activity requiring high O2 tension (Kirk & Fenn, 1982) and involving production of hydroxyl radical (Forney et a/., 1982) and an H2O2depcndcnt extracellular enzyme (Tien & Kirk, 1983) .
Actinomycete lignin degradation is, by comparison, poorly understood, although Crawford and co-workers have made some important observations with Streptomyces uiridosprus. The lignin substrate is primarily solubilized in the growth medium, in the form of ligninderived monomers (Crawford, 198 I) and a substantially degraded polyphenolic polymeric lignin (APPL) (Crawford et ol., 1983) . Grass lignins are more susceptible to this form of attack than softwood and hardwood lignins (Antai & Crawford, 1981) .
We have determined the ligninolytic potential of a range of actinomycete strains, selected for their ability to degrade grass lignocellulose or utilise ligninderived compounds, by measuring l4COZ evolution from [ '4Cl-lignin-labelled wheat lignocellulosc. The radiolabelled substrate was also used to characterize grass lignin degradation by two actinomycetes. (Rowbotham &Cross, 1977) . (iv) Half-utrcngth Nutrient agar (Oxoid CM3) (f NA) with and without rifampicin (5 pg ml-l, Sigma) or novobiocin (25 pg ml-l, BDH) filter-sterilized and added to the medium after autoclaving. (v) Minimal medium (Stutzenberger, 1972) plus Bacto-agar (1 8.0 g I-!) and vitamin-frce Casamino acids (0.25 g l-!# Difco). All of the above media were adjusted to pH 84-84 and, after autoclaving, a filter-sterilized solution of the antifungal antibiotic cycloheximide (Boehringer) was added to a final concentration of 50 pg ml-l, For direct isolation of IignoceUulOre-degrading actinomycetes, a separately autoclaved suspension of vibratory ball-milled straw (mean particle size 5 km diameter) was added to media (iii), (iv) and (v). Potential Kraft-lignin degraders were isolated on medium (iii) to which Indulin AT (Westvaco, North Charleston, S. Carolina, USA), dissolved in 0.1 u-NaOH and filteraterilized, had been added to a final concentration of 0-1 % (w/v). Isolation plates were incubated at 50 "C for 5 d or 30 "C for up to 21 d. Actinomyccte donier were identified by direct microscopic examination of isolation platca using a x 32 long-working-distancc objective lens (Leitz Wetzlar, FRG). Approximately 2 mg [lignin-14CPignoceIlulosc and 30 mg ball-milled straw were added to 250 ml conical darks each containing 15 ml of medium. The medium had the same composition as that uoed to test aromatic substrate utilization in liquid culture except that the yeast extract concentration was incresrad to I.Ogl-'. After autoclaving, 0.75 ml 1 u-potassium phosphate buffer, pH 8.0, was added to each flask. Suspensions of actinomycete hyphae and spores in sterile distiUed water were used as inocula. The flasks were scaled, incubated at 30, 37 or 50 "C and flushed with 100% O2 at 3 d intervals. The 14C02 was trapped and radioactivity counted as described previously (McCarthy et 01.. 1984). At the end of the experiments, portions of culture medium were examined microscopically and by subculturing on nutrient media to confirm that the cultures were axenic.
METHODS

IdatiDn
Characterization of [14C'liignin degrudation. Tlrcnnomonvsjwra mesophilo DSM 43048 and Streptomyces sp. MT813 were identified as active lignin degraders and selected for further study. The effect of a number of parametenon 14C02 evolution by these strains at 37 *C was investigated using the assay method described above, except that cultures were flushed at varying time intervals. Evolution of W02 was compared in cultures containing a r a n~t of yeast extract concentrations (0,0.5,I.O and 2.0 g I-'), cultures grown in air rather than 100% O2 and in cultum incubated with shaking. Degradation of [lignb14CPignoceUulore autoclavcd dry at 121 "C for 3 h or treated twice with cellulase to remove carbohydrate esters of phenolic acids (McCarthy e? al., 1984) was also examined. Finally, solubilization of [14CPignin was monitored in parallel with 14C02 evolution by aseptically removing 700p1 rampler of the culture medium at time intervals and counting radioactivity in membrane-filtered (Millipore; 0.22 prn pore size) portions. Evolution of 14C02 from spent culture filtrates was also assayed by adding known amounts of solubilizcd I4C to fresh actinomyccte cultum.
RESULTS
Occurrence and distribution of actinomycetes Thermophilic actinornycetes were present in very high numbers in the samples of compost and were isolated together with many Buciilus colonies. In mushroom compost, ' T h e r m m m spora firsco' and Thm. cumtu (white thermomonosporas) predominated ( > 500 colonies per stack of Anderstn sampler plates) with 'Thm. chromgem', Streptomyces spp. and Thermouctinomyces spp. present in much lower numbers (<SO colonies). The thermophilic actinomycete population of garden compost was comparable in size but streptomycetes and themoactinomycetes were more numerous, although no single actinomycete group was clearly predominant. Few thermophilic actinomycetes were isolated from samples of soil, leaf litter and rotted wood where they were probably present as dormant spores.
Mushroom compost proved to be an excellent source of mesophilic actinomycetes as well as thermophiles. A large number of unidentified actinomycetes, mostly nocardioform in appearance, were observed on isolation plates in addition to micromonosporas [ lo7 (g dry wt)" 1 and a range of streptomycetes [ 108 (g dry wt)-']. These mesophilic actinomycete groups were recovered from all of the substrates using the sedimentation chamber and Andersen sampler, although numbers were particularly low in the samples of soil and rotted wood. Incorporation of novobiocin (25 pg ml-l) in fNA produced an isolation medium which was selective for thennoactinomycetcs when used at 50 "C (Cross, 1968) , and for micromonosporas at 30 "C (Orchard, 1980) . Similarly, addition of rifampicin (5 pg ml-l) rendered the medium selective for 'Thm. chromogena' at 50 "C. Rifampicin also caused a drastic reduction in the numbers of bacteria i s e latcd from mushroom compost at 30 O C , while permitting the growth of certain streptomycetes and unidentified actinornycetes. A number of these unidentified mesophiles were presumptively identified as actinomadurae, which are known to be efficiently isolated on rifampicin-containing media (Athalye et a!., 1980).
No thermophilic actinomycetes were isolated on Bacto-actinomycete isolation agar (Difco) and the recovery of mesophiles other than strcptomycetes on this medium was poor. The remaining non-selective isolation media generally yielded a comparable range and number of actinomycetes, although thermophiles grew poorly on M3 agar and were therefore difficult to identify. The reduced bacterial growth on isolation plates from the Andersen sampler permitted observation of clear zones around actinomycete colonies on agar media containing ball-milled straw. On plates incubated at 50 "C, all white thermomonospora colonies and a few of the 'Thm. chromgem' colonies were surrounded by well-defined areas of clearing. Straw-degrading white thermomonosporas were also isolated at 30°C and these strains were invariably capable of growth at 50 "C. The only other major actinomycete group found to contain a high proportion of strawdegrading strains was the genus Micromonosporu. These organisms grew slowly at 30 "C and produced indefinite zones of clearing after 10-21 d incubation. Straw degradation by other actinomycete isolates was only occasionally recorded, Addition of Kraft lignin (Indulin AT) to M3 agar had no apparent effect on the numbers and types of actinomycetes isolated on this medium.
Degradation of lignin and related substrates
The total culture collection (400 strains approx.) was tested for straw degradation but definite evidence of activity was found in only 77 strains. Of these, 44 were thermomonosporas, 21 micromonosporas, 7 streptomycetes and 5 unidentified actinomycetes. Clear zones around colonies on agar plates containing ball-milled straw were found to be the result of cellulolytic activity, and did not correlate with the degradation of other related substrates e.g. xylan or carboxymethylcellulose. A proportion of the culture collection (50 strains) chosen to represent taxonomic groupings was also tested for the ability to utilize aromatic compounds as carbon sources. Seven ferulic acid-utilizing strains were identified in this way, only two of which could also utilize Kraft iignin. One straw-degrading actinomycete, Micromowsporu sp. MT807, exhibited a weak growth response when ferulic acid or Kraft lignin were added to the carbon utilization test medium.
A total of 46 strains were tested for grass lignin degradation by the radiometric assay and some of the results are presented in Table I . Thermophilic thermomonosporas were the most active straw-degraders examined but none of the strains tested showed significant activity against radiolabelled lignin. However, limited T O z evolution was detected in other straw-degrading actinomycetes, notably strains of Micromonosporu. The results presented in Table I also show that utilization of ferulic acid or Kraft lignin does not necessarily imply the ability to attack native lignin. Nevertheless, the best lignin degraders, Acttinomadura sp. MT809, Streptomyces sp. MT813 and Thm. mesophila, were found amongst this group of strains which could utilize aromatic compounds. All three strains grew well on ferulic acid but none could utilize the dimethoxylated compound, syringic acid. Only Thm. mesophila showed a significant growth response when Kraft lignin was added to carbondeficient basal medium. The nocardioform isolate MT803 grew well on ferulic acid, Kraft lignin and syringic acid but could not degrade The ferulic acid and Kraft-lignin utilization patterns of Thm. mesophila and Strepromyct-s sp. MT8 13 (Table I) were found to be reproducible in the basal liquid medium used for the [ I *C)lignin degradation assay. However, there was a poor correlation between the observation of growth responses in the presenceof aromatic substrates and the colour test devised by Sundman & Nase (1971) . In both the absence and presence of glucose, the Nocardia uutotrophica strains gave positive reactions when ferulic acid plates were flooded with the test reagent, These strains also exhibited a growth response in basal medium supplemented with ferulic acid. Thm. mesophila, which grew on ferulic acid and Kraft lignin in both agar and broth cultures, was, however, scored negative for aromatic compound utilization by the Sundman & NIse test. A possible explanation is that utilization of propane side chains and methoxyl groups without aromatic ring cleavage would not be detected by this test but could nevertheless result in growth on ferulic acid and Kraft lignin.
Characteristics of lignin degradation by actinomycetes
Thm. mesophilu and Streptomyces sp. MT813, two unrelated actinomycetes which appeared to be the best lignin degraders, were used to investigate the effects of several parameters on I4CO2 evolution from [lignin-~4C]lignocellulose. Yeast extract concentration is an important cultural Lignin degradurion by acrinomyceres When cultures were grown in air rather than 100% O2 or grown in shake flasks, there was no significant change in the extent of I4CO2 evolution (Table 2) . However, in both organisms, shake-flask cultures initially exhibited a larger amount of visible growth. Consequently, after 41 h 14C02 values were approximately twofold greater than in stationary cultures in which the rate of 14C02 evolution later increased so that equivalent amounts of 14C02 were detected after 88 h, irrespective of culture conditions, Similarly, [ligrli~-14CPignocellulose, autoclaved dry to minimize disruption of the native structure, was found to be equally susceptible to degradation by the actinomycetes. However, when 14C-labelled phenolic acids esterified to carbohydrate were removed by cellulase treatment, a decrease in 14C02 evolution from the radiolabelled substrate was observed ( Table 2 ). The reproducibility of this effect was not determined but was more pronounced in the culture of Streptomyces sp. MT813 and may be related to the ability of this organism to utilize ferulic acid but not Kraft lignin.
The amount of 14C solubilized in the culture medium during actinomycete attack on [iignin-14C]lignocellulose was considerably greater than the amount of I4CO2 evolved. In both strains, 14C02 was rapidly evolved during the first 72 h of growth, after which the rate of 14C02 production declined (Fig. 1) . Soluble-'*C levels also rose dramatically during the first 72 h to 3 0 4 0 % of the total added as [lignin-14CPignocellulose, and although l4COZ continued to bc produced after this time, no further solubilization occurred (Fig. 1) . This soluble 14C-labelled material was found to be relatively resistant to actinomycete degradation to 14C02 since only 2.0-2-5 % was converted to 1JC02 when it was added to fresh cultures. In uninoculated controls, the soluble I*C value of approximately 4% remained constant throughout the experiment. Thm. mesophila, which has a slower growth rate than the Streptumyces sp,, showed a lag period of approximately 20 h before visible growth, 14C02 and solubilized 14C were detected. A similar but much longer lag period (72 h approx.) was observed with other ligninolytic strains (MT806, MT807, MT809) but in all cases commencement of I4CO2 evolution coincided with the appearance of visible growth.
DISCUSSION
A number of workers have suggested a cornlation between the degradation of native lignin and other, less complex substrates, usually in an attempt to provide routinely applicable primary screening methods (Sundman & Niise, 1971 ; Phclan et ol., 1979; Dcschamps et al., 198 1) . However, we found that ligninolytic activity could not be inferred from either the degradation of ballmilled straw, which is an indication of cellulolysis, or the utilization of lignin-related phenolic compounds. The themophilic actinomycetes T h , mmra and 'Thm fwca', isolated in large numbers from mushroom compost, and the most active straw-degrading actinomycetes studied here, were incapable of degrading [14C)-labelled wheat lignin, In a similar experiment using [14CPignin-labelled oak and maple lignocellulose, Crawford & Crawford (1976) also found that 'Th. fusca' did not degrade lignin. Cellulolytic activity has been described previously in the genus Micromomspra (Sandrak, 1977) , the other major group of straw-degrading actinomycetes isolated here, but this is the first indication that these slow-growing organisms can attack lignin. Micromonospas form a significant component of the actinomycete population in natural substrates and can be efficiently isolated by incorporating novobiocin in the isolation medium, allowing direct observation of colonies surrounded by mnes of straw degradation.
Generally higher levels of ligninolytic activity were observed in strains selected for their ability to grow on phenolic compounds, but again several ferulic-acid-and Kraft-lignin-degrading organisms showed little or no activity against radiolabelled wheat lignin. The latter included strains of Nucardia autotrophicu and Rhodococctcs erythropolis, which had previously been found to be ligninolytic when tested against corn stalk and synthetic lignins (DHP) specifically [ 14CE labelled in the side chain, aromatic ring or methoxyl positions (Trojanowski et al., 1977;  Haider et a!., 1978). This may be partly due to the absence of 14C in the methoxyl groups of the wheat lignin used in this study, but is more likely to be a reflection of variations in the dcgradability of different [ *4CPignin preparations.
The physiology of lignin attack by white-rot fungi is well documented and it has been shown that the degradation of [14C)lignin-labelled wheat lignocellulose by these organisms proceeds in a similar manner to the degradation of wood and synthetic lignins (McCarthy et af., 1984) . In this study, we have found that wheat-lignin degradation by two selected actinomycetes, Thm. mesophila and a Streptonyces sp,, does not exhibit the established characteristics of white-rot fungal attack on lignin. Lignin degradation by white-rot fungi is severely inhibited in shaking cultures or when stationary cultures are flushed with air rather than 40-100% O2 (Kirk & Fenn, 1982) , but these parameters had no significant effect on the actinomycete cultures. The 21ocond8fy metabolic nature of ligninolytic activity in white-rot fungi (Kirk & Fenn, 1982) results in a delay in the onset of 14C02 evolution while primary growth is completed. In contrast, evolution of l*C02 by the actinomycetes always accompanied growth and was concentrated on the first 72 h, suggesting that attack on lignin occurs during the primary growth phase in these organisms. Solubilization of t4C also increased rapidly during this period and the figure of 3 0 4 0 % soluble 14C after 72 h is higher than observed previously for ligninolytic actinomycetes (Phelan e? al., 1979) but comparable to Phanerochaete chrysosporim grown on radiolabelled aspen wood for 30 d (Reid et al., 1982) .
However, in concluding that these actinomycetes are particularly e6cient lignin degraders, the nature of both the lignin preparation used and the soluble products must be taken into ac-count. Grass lignins are characterized by the presence of esterified phenolic acids (Higuchi ut a!., 1967) and are probably more susceptible to biological attack than those of woody plants (Crawford, 1981) . Removal of phenolic acids linked to carbohydrate did not have a major effect on I4C solubilization (data not shown) or I4CO2 evolution, and the amount of t4C-labelled phenolic acids associated with the lignin component (McCarthy et al., 1984) could not account for the total I4CO2 evolved. Furthermore, the suggestion that sterilization of lignocellulose in liquid medium could lead to considerable solubilization (Craw ford, 198 I), and presumably a more degradable substrate, was found not to apply to the degradation of iJC-labelled wheat lignin (see Table 2 ).
The water-soluble radiolabelled material cannot be totally equated with lignin breakdown products since it is possible that modifications introduced by the actinomycetes may have affected lignin solubility. This view is consistent with the detection of both low molecular weight aromatic compounds and a water-soluble ligninderived polymer in culture supernatants of Stm. uiridosporus grown on corn lignocellulose (Crawford, 1981 ; Crawford et af., 1983). In both Thm. mesophila and the Srreptumyces sp., the level of water-soluble I4C stabilized after 72 h and was not substantially degraded to I4CO2 in fresh cultures. This suggests the presence of a lignin-derived polymer resistant to further degradation and we have preliminary evidence that most of the l*C-labelled material has a molecular weight of approximately I OO00.
The number of actinomycetes implicated as having a role in the recycling of lignin in natural substrates can now be extended to include representatives of several distinct genera. While the values for ' T O 2 evolution from ['T]lignin-labelled wheat lignocellulose reported here are much lower than those observed with white-rot fungi (McCarthy et al., 1984) , they are nevertheless significant. Optimization of culture parameters could lead to improved ligninolytic activity but in natural substrates which contain a large and diverse actinomycete population it is likely that interactions between different species will result in a much more extensive degradation of lignocellulose. Pure cultures could nevertheless be genetically manipulated to alter the regulation of ligninolytic activity and achieve the levels of degradation and range of transformations found in natural environments.
This work was part of a programme supported jointly by British Petroleum's Venture Research Unit and the Agriculture and Food Research Council. We thank Edwin Peace for technical assistance with the radiometric assay. 
R E F E R E N C E S
ANDBR
